Abstract. In this paper, a new method to the preparation of low-dielectric nanoporous polyimide (PI) films was addressed, based on the self-assembly structures of PS-b-P4VP/poly(amic acid) (PAA, precursor of PI) blends. It is found the microphase-separation structure of PS-b-P4VP/PAA is a precondition of the formation of nanoporous structures, which could be achieved by solvent annealing. Nanoporous PI films with spherical pore size of ~11 nm were obtained by thermal imidization followed by the removal of the PS-b-P4VP block copolymer. The porosity of the nanoporous PI films could be controlled by the weight fraction of the PS-b-P4VP block copolymer. The dielectric properties of the nanoporous PI films were studied, and it was found that the introduction of nanopores could effectively reduce the dielectric constant from 3.60 of dense PI films to 2.41 of nanoporous PI films with a porosity of 26%, making it promising in microelectronic devices. The fabrication method described here could be extended to other polymer systems.
Introduction
With the development of microelectronic devices becoming smaller and lighter, new low dielectric constant materials are needed to replace the current wire insulator of silicon dioxide, thereby reducing the signal delays and electrical power loss in the new generations of large scale integrated circuits [1] [2] [3] . Nanoporous polyimide (PI) material, combining the high performance of PI and the lowest dielectric constant of air void (k ! 1), is thought to be the most promising candidate for use as a next-generation of interlayer dielectrics [4] . Therefore, considerable attention has been focused on the preparation of low-dielectric nanoporous PI films. Besides normal template like poly(ethylene oxide)-polyhedral oligosilsesquioxane (PEO-POSS) nanoparticles [5] , silicon nanowires [6] , poly[styreneco-(4-vinylpyridine)] (PSVP) nanospheres [7] , were used to prepare nanoporous PI films, Hedrick and his coworkers have opened a route to the fabrication of nanoporous PI films. The approach they established involves the preparation of block copolymers consisting of a thermally labile block and highly temperature-stable PI block. The block copolymer could be self-assembled into nanoscale domains with labile block as dispersed phase and PI block as matrix. Pore formation can be accomplished by thermolysis of the labile blocks, which leaves pores of sizes and shapes that correspond to those present in the initial copolymer's morphology [8, 9] . Thanks to their contribution and several other works on the preparation of nanoporous PI films with low dielectric constant based on various PI-based copolymer has been reported [10] [11] [12] [13] . However, the synthetic procedures and processing are relatively complicated, furthermore, thermal degradation of the labile com-ponent reduces the molecular weight and certain critical mechanical properties of the resulting nanoporous films. In this study, we described a new method to the preparation of low-dielectric nanoporous PI films using block copolymer as template. Based on the self-assembly structures of block copolymer and poly(amic acid) (PAA, precursor of PI) blends, nanoporous PI films could be obtained after the removal of the block copolymer. Compared to the method Hedrick reported, complex synthetic procedures are avoidable, and the mechanical properties of resultant nanoporous PI films are little influenced because the nanopores come from the simple removal of block copolymer. In this way, the porosity of resultant nanoporous PI films could be controlled by changing of the weight content of block copolymer, thus adjusting the dielectric constant of the films 2. Experimental procedures 2.1. Materials PS-b-P4VP block copolymer (M n PS:P4VP = 11800:15000 g/mol and polydispersity of 1.04) was purchased from Polymer Source Inc., Canada, and used as received. 3,3",4,4"-biphenyltetracarboxylic dianhydride (BPDA), 4,4"-oxydianiline (ODA), and N-Methy1-2-pyrrolidone (NMP), benzene were analytical chemical reagents and purchased from Tianjin Chemical Reagents Company, Tianjin, China.
Synthesis of poly(amic acid)
homopolymer PAA homopolymer was prepared by solution polymerization in NMP. Into a reaction flask fitted with a mechanical stirrer and Ar inlet were charged 1.8 g of ODA and 30 g of NMP. Stirring was begun, and after the ODA has dissolved, 2.698 g of BPDA powder was added gradually to the stirring solution of the diamine over 40 min. The reaction mixture was reacted at 0°C for 24 h in Ar atmosphere to yield a viscous PAA solution.
Preparation of nanoporous polyimide thin films
The procedure used to fabricate nanoporous PI films is summarized in Figure 1 . The block copolymer PS-b-P4VP and PAA homopolymer was first dissolved in NMP, to make polymer solution with a concentration of 5 wt%. The NMP solution containing 5 wt% polymer mixtures was stirred for more than 24 h at room temperature. PS-b-P4VP/PAA blends in films with a thickness of ~100 nm, were prepared on a silicon wafer by spin-coating at 2000 rpm for 4 min, followed by drying under vacuum at room temperature to remove the residual NMP. The as-spun PS-b-P4VP/PAA films were solvent annealed in a saturated mixture vapor of benzene and NMP at 80°C to achieve self-assembly microstructures. The self-assembled PS-b-P4VP/ PAA films were thermally treated to convert PAA to PI at an elevated temperature: 120°C (1 h), 180°C (1 h), 250°C (1 h), and 300°C (1 h). Then, nanoporous PI films with a thickness of ~100 nm, were obtained after the removal of PS-b-P4VP block copolymer by solvent extraction in dichloromethane for 24 h at 50°C.
Characterization
AFM studies were operated at a Nanoscope IIIa multimode atomic force microscope (Digital Instruments, VEECO, USA) at the tapping mode. Transmission electron microscope (JEM-2010, JEOL Ltd., Japan) operating at an accelerating voltage of 200 kV was used to examine the morphology of PSb-P4VP/PAA and nanoporous PI films. Films for TEM were prepared on silicon substrates having a thick layer of silicon oxide. These films were floated onto the surface of a 5 wt% hydrofluoric acid solution, transferred to a water bath, and then picked up by a Cu grid. To clearly observe the interior structures of PS-b-P4VP/PAA, iodine was employed as staining agent to selectively contrast PAA chains and P4VP blocks. The samples were placed in vapors of iodine crystals for 2 h at 35°C. The porosity (V) of the nanoporous PI thin films was obtained by calculating from refractive index according to the Maxwell-Garnett modeling as shown by Equation (1) [14] : (1) where n p and n s is refractive index of nanoporous and dense PI thin films, respectively. The dielectric constant of the nanoporous PI films was determined using the Maxwell equation, Equation (2) [15] :
where n is the refractive index. The refractive index was measured with a variable-angle multi-wave-
length ellipsometer (L116E, Gaertner Ltd., USA) with wavelengths at 632.8 nm.
Results and discussion
Prior to discussion, it should be noted that there exists a strong interpolymer hydrogen-bonding interaction between PAA and P4VP blocks, leading to the formation of P4VP/PAA complex ( Figure 2 ). The selective adsorption of PAA on P4VP blocks could increase the interaction parameter difference between PS and P4VP/PAA phases, resulting in the strong segregated microphase separation [16] . TEM was performed to explore the interior structure of the PS-b-P4VP/PAA thin film. After I 2 staining, the PAA and P4VP microdomains are dark, and the PS components appear light. For the directly spincoated thin film, it is noticed that Figure 3a represents a homogenous phase. During the formation of PS-b-P4VP/PAA films by spin-coating from NMP solution, not any microphase-separation structures could be obtained due to non-selectivity of NMP and high solvent evaporation rate [17] . We have attempted to prepare porous PI films from the directly spin-coated PS-b-P4VP/PAA film after conversion of PAA into PI and removal of PS-b-P4VP, but it failed. The results demonstrate that the miscible phase of the as-spun PS-b-P4VP/PAA film could not produce any porous structures. The PS-b-P4VP/PAA blends thin film was solvent-annealed in benzene/NMP vapor mixture to achieve microphase-separation [17] . As shown in Figure 3b , it represents a microphase-separation structure consisted of PS spherical domains dispersed within P4VP/PAA matrix. thermal annealing, PI chains were separated from P4VP blocks because the inter-polymer hydrogenbonding interaction between PAA and P4VP blocks was destroyed, thus leading to the increase of sphere size and disappearance of wire-like structures. Nanoporous PI films could be obtained from PS-b-P4VP/PI films after removal of PS-b-P4VP block copolymer by solvent extraction in dichloromethane. Here, solvent extraction of PS-b-P4VP was used to replace traditional thermal decomposition to prevent the collapse of the porous structure during thermolysis at high temperature. As shown in Figure 5 , disappearance of the peak at 697 cm -1 , corresponding to carbon-nitrogen distortion vibration of the pyridine ring, revealed the complete removal of PS-b-P4VP block copolymer. Figure 6 demonstrates the TEM images of the resultant PI 
Conclusions
Nanoporous PI films with low dielectric constant were prepared, based on the microphase-separated structures of PS-b-P4VP/PAA. The incorporation of nanopores could effectively reduce the dielectric constant of the resultant PI films. Porosity of the nanoporous PI films could be controlled by the weight content of PS-b-P4VP block copolymer, thereby adjusting the dielectric constant of the films. The low dielectric constant of the prepared nanoporous PI films make it promising in the microelectronics. Since block copolymer have the ability to selfassembly into versatile nanoscale morphologies, it is expected multifarious nanoporous structures could be prepared and the effect of these structures on the dielectric property of the nanoporous PI films could be studied in the future work. The method described here is simple and controllable, which could be applied to the other polymer systems.
